This paper presents a multi-octave power amplifier based on mixed continuous modes. It consists of resistive-reactive series of continuous modes and a phase shift parameter. The issue of impedance duplication is solved in the case of exceeding an octave bandwidth. By introducing a phase shift parameter, the bandwidth is further expanded obviously. Then, a compact network and its design method are proposed to meet impedance requirements. For validation, a 0.5-4.0 GHz power amplifier is designed and fabricated. And the measured results show that the saturated output power is between 40.0 dBm and 42.8 dBm in target band. From 60% to 71% drain efficiency is obtained with a gain greater than 10 dB. The size of the proposed PA is greatly compact, which is only with 3.6 cm × 6.0 cm.
I. INTRODUCTION
With the rapid development of the communication technology, the amount of data transfer is increasing significantly. This also puts higher requirements on the performance of the RF front-end circuits. The power amplifier (PA) is one of the key modules of the RF front end. In the current multi-band mobile communication systems, different frequency bands often require different PAs, which adds complexity and cost of the whole system to some extent [1] , [2] . Therefore, ultrawideband PAs which can cover more frequency bands have recently become one of the research hotspots.
A variety of methods to implement ultra-wideband PAs have been proposed [3] - [10] . Among them, distributed power amplification can achieve a wider bandwidth, but its low efficiency is not suitable for applications in the communication fields [3] , [4] . Another way to realize ultra-wideband PAs is by employing continuous modes. The wide bandwidth of continuous modes PAs has also been reported recently [5] - [7] . Continuous PAs such as F, J, and F −1 not only have wide bandwidth but also high efficiency [8] - [10] . However, the bandwidth of conventional continuous modes PAs is often limited to one octave because of the duplication of the fundamental and second harmonic impedances. The
The associate editor coordinating the review of this manuscript and approving it for publication was Yingsong Li . method of resistive second harmonic impedance is proposed in [11] . By introducing the real part at the second harmonic impedance, the bandwidth limitation due to the overlap of the fundamental and the second harmonic is solved to some extent [12] - [14] . In addition, a series of new continuous modes are used to design PAs [15] - [17] . In [15] , a 54.5% bandwidth PA from 1.6 to 2.8 GHz is made using a series of continuous modes which extend the continuous modes concept. By introducing resistive part to the purely reactive second harmonic load of the series of continuous modes, a broadband PA with 117% bandwidth is designed [16] . In [17] , the lower band is designed with resistive second-and third-harmonic impedances, while the upper band is designed with resistive second harmonic impedance and reactive third harmonic impedance. A PA operating across 0.4-2.3 GHz with 62.3%-80.5% drain efficiency is obtained. However, only the amplitude coefficients of the voltage are changed in the above listed modes from the perspective of waveform engineering, where no changes are made to the phase.
Corresponding to many PA modes, there are also multiple ways to implement circuits that meet the PA impedance requirements of these continuous modes. Some common methods are reported in [18] - [20] such as real frequency simplification, tri-frequency point matching and dimensionality reduction. Time-consuming algorithms and programs are needed in these mentioned methods. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ This paper proposes a mixed continuous modes PA. The phase shift parameters are introduced into continuous resistive-reactive series of continuous modes to further expand the bandwidth. In addition, compact circuit structure and design method are proposed to design the output circuit network of the PA for satisfying the impedances requirement. A multi-octave PA is fabricated. The structure of this paper is as follows. The principles of the related continuous modes are introduced in Section II. Then, the new continuous mode proposed in this paper is analyzed in detail in Section III. The proposed compact output circuit structure and design method are described in detail in Section IV. Section V designs the ultra-wideband PA based on the mixed continuous mode and compact circuit structure. The simulated and the measured results are analyzed in detail in Section VI. Section VII summarizes the content of this paper.
II. PRINCIPLES OF THE RELATED CONTINUOUS MODES A. CONVENTIONAL CONTINUOUS MODES
Continuous Class F modes have been proposed in [21] , which extends the range of fundamental and second-harmonic impedances by multiplying the voltage of the Class -F PA by a factor related to γ . And its voltage waves are expressed as follows:
The γ is just a factor. In order to keep the voltage positive, the factor γ should be located between −1 and 1. And the current of the drain is the same as the traditional Class-F PA that are derived from Class-B PA. The drain current wave's expression is shown as:
Therefore, the impedances of the continuous Class-F PA are obtained as:
where R opt is the optimized impedance of the PA. Z 1 , Z 2 and Z 3 represent the fundamental impedance, the second harmonic impedance and the third harmonic impedance, respectively. Compared with standard Class-F PAs, the fundamental impedance varies with the factor γ on a resistive circle. Besides that the second harmonic impedance is still purely reactive. It is obvious that a broadband PA can be implemented based on the continuous modes. However, the bandwidth of the PA using above modes is limited by the duplicate impedances of fundamental and harmonic frequencies, which results in at most one octave of bandwidth.
B. CONVENTIONAL RESISTIVE-REACTIVE SERIES OF CONTINUOUS MODES
In order to solve the issue of one octave bandwidth limitation of the conventional continuous Class-F PA, a resistive part is introduced to the second harmonic impedance. So, the fundamental impedance and the second harmonic impedance both include the resistive and the reactive parts, which make over an octave possible. In addition, a series of continuous modes is reported in [15] , where voltage waveforms are still shaped. In this mode, the fixed coefficients of the original harmonic voltage are replaced with α and β. In this case, the status of the PAs can vary with α and β. Combining resistivereactive continuous modes with series of continuous modes, a so-called resistive-reactive series of continuous modes is proposed in [16] . And its voltage waves can be expressed as:
where, the α and β should meet the following relationships [22] .
For obtaining a positive voltage V ds , the value of δ should be confined between 0 and 1.
And harmonic impedances of the mode can be obtained as:
Based on (8) and (9), the α should be larger than the δ to keep resistive part positive.
III. THE PROPOSED MIXED MODES ANALYSIS
The two recently developed continuous modes mentioned above have only made corresponding changes in the magnitude of the voltage to achieve the expansion of the impedance design space. However, the phase which is one of the important parameters in the voltage is not mentioned in the resistive-reactive series of continuous modes. As we know, the voltage and current waveforms of the ideal Class F PAs do not overlap in the time domain, resulting in high efficiency and narrowband characteristics. Therefore, in order to further extend bandwidth of PA, a phase shift parameter is introduced into the resistive-reactive series of continuous modes voltage waveform in this paper. Meanwhile, the current waveform remains unchanged. So, overlaps between voltage and current waveforms in the time domain are inevitable, which sacrifices certain efficiency in exchange for a larger impedance design space to achieve a wider bandwidth. A phase shift parameter ϕ is introduced to the resistive-reactive series of continuous FIGURE 1. Voltage and current waveforms for different parameters.
modes. And its voltage waveforms can be expressed as:
And the harmonic impedances can be derived as:
where R opt = 2V DD /I max is the class-B optimum resistance.
To keep the real part of the fundamental and second harmonic impedances positive, the following conditions are required as follows:
Hence, the voltage waveforms shift to the left when γ is between −1 and 0. In contrast, there is a right shift when γ is from 0 to 1. And the voltage and current waveforms are shown in Fig.1 for different ϕ, α, γ and δ. It can be seen that the time domain waveforms of current and voltage have a certain degree of overlap. Then, the drain efficiency can be calculated as:
The drain efficiency is a function of ϕ, α, γ and δ. And their relationships can be plotted in Fig. 2 . They show that the appropriate parameters can be selected for achieving over 60% drain efficiency. Though drain efficiency decreasing a lot, the designate impedance space is larger. Based on Fig. 2, Fig. 3 illustrates the fundamental and second harmonic impedances of the proposed modes with α = 9/8, β = 1/8. And the 0.1π , 0 and −0.1π phase shift ϕ are taken in Fig. 3 , where δ is between 0 and 0.3. As shown in Fig. 3 , the impedance spaces represent over 60% drain efficiency. It is obvious that the impedance space is further expended compared with resistive-reactive series of continuous modes through adding a phase shift parameter ϕ from Fig. 3 . As shown in Fig.3 , the second harmonic impedance and the fundamental impedance have more overlapping regions, due to the introduction of phase shift parameter ϕ, especially the 0.1π and −0.1π phase shift ϕ shown in Fig. 3 .
IV. COMPACT OUTPUT NETWORK
In this section, a compact network is introduced to design the output network. The output network is the most important cell of the PA, the proposed compact network is shown in Fig.4 Based on the principle of the mixed modes described last section, the harmonic tuning network is firstly designed to meet the required harmonic impedances as described as (12), (13) and (14) . In this paper, the target frequency band is from 0.5 GHz to 4 GHz. In this band, the third harmonic frequencies for 0.5-1.3 GHz are same as the fundamental frequencies for 1.5-4 GHz. So, for low-frequency 0.5-1.3 GHz, the third harmonic impedance should not be set to infinity like traditional operation rather than in the region which is closely to the infinity and located fundamental impedances of 1.4-4.0 GHz frequency band. In Fig.4 , TL1, and TL2 are used to get the appropriate third impedance for the 0.5-1.3 GHz. The electrical length θ 1 , θ 2 and characteristic impedance Z 1 , Z 2 of these micro-strip lines TL1 and TL2 should meet the following relationship:
where, Z A1 is optimized third impedance of the drain that can be obtained from load-pull system for the 0. The TL1, TL3 and TL4 are applied to obtain the required third harmonic impedances for the 1.4-4.0 GHz frequency band. The electrical length[see (21) shown at the bottom of this page] of these micro-strip lines should meet the following relationship:
where, Z A2 is optimized third impedance of the drain that can be obtained from load-pull system for the 1.4-4.0 GHz, which is just closely to the infinity for the 1.4-4.0 GHz. To achieve the second harmonic impedance of the mode, the characteristic impedance and electrical length of TL1, TL7 and TL8 should meet followings:
where, Z A,3 is the optimized second impedance [see (23) shown at the bottom of this page] of the drain as described in (13) . Based on (18) -(22), the harmonic tuning network can be designed. In this case, θ 1 , θ 2 , θ 3 , θ 4, θ 7 and θ 8 are not a fixed value but can be dynamically adjusted as needed for the subsequent fundamental impedance matching. Similarly, Z 1 , Z 2 , Z 3 , Z 4, Z 7 and Z 8 are also adjustable, although some relationships should be satisfied between them. Compared with the above mentioned electrical length parameters, these impedance parameters have a larger range of variation, which is due to the harmonic impedances of this mode are not a fixed value but a large impedance range interval.
For the fundamental impedance matching, the most optimized impedance Z A can be obtained from (12) . The impedance at the point A Z A is transformed to the impedance at the point B Z B as shown in Fig.4 .
At the plane B, Z B can be expressed by Z B , Z B and Z B .
where, Z B , Z B can be calculated as followings:
And Z B is derived as followings:
The fundamental impedance of the drain is converted to the impedance at the plane C through the harmonic impedance tuning network. And this impedance transformation process can be given by (24) - (27) . And the TL5 and TL6 are used to make the fundamental impedance Z C transformed to standard 50 . And the electrical length θ 5 , θ 6 and characteristic impedance Z 5 , Z 6 are free parameters. The Z C can be derived by the TL5 and TL6 and load impedance Z L as followings:
In fact, this harmonic tuning network also plays an important role in fundamental impedance matching in addition to a simple fundamental matching network. The designed fundamental impedance matching network requires more than two octave frequency band, so optimization will be complex and time consuming, regardless of the real frequency or other methods. Similar to the design method of the harmonic tuning network, the target frequency band 0.5-4.0 GHz is divided into three sub-bands, which are 0.5-1.0 GHz, 1.0-2.0 GHz and 2.0-4.0 GHz, respectively in this paper. In this case, the high cutoff frequency is twice as the low cutoff frequency for each sub-band. The f 1 , f 2 and f 3 represent the sub-band from low frequencies to high frequencies, respectively. For different frequencies f 1 , f 2 and f 3 , the (24)-(29) should still be satisfied. The parameters of the above mentioned harmonic tuning network electrical length θ 1 , θ 2 , θ 3 , θ 4, θ 7 , θ 8 and characteristic impedance Z 1 , Z 2 , Z 3 , Z 4, Z 7 , Z 8 are adjustable, and the fundamental matching network electrical length θ 5 , θ 6 and characteristic impedance Z 5 , Z 6 can be determined according to (24)-(29) for different frequencies f 1 , f 2 and f 3 . Then, the fundamental matching and harmonic tuning network can be finally designed.
V. MULTI OCTAVE POWER AMPLIFIER DESIGN
In order to validate the proposed modes and design method, a multi-octave power amplifier is designed based on the Rogers 4350B substrate (ε r = 3.66, H = 30 mil), using CGH40010F GaN HEMT. And the drain dc bias voltage is 28 V and the gate voltage is set to −2.7 V.
Firstly, the transistor is simulated using load-pull system in the Advanced Design system software to obtain the optimal third harmonic impedance. In order to improve the accuracy of the design, the package parameters should be taken into account. The package parameters for the CGH40010F transistor have been derived in [22] , and the specific parameters are shown in Fig. 5 .
For CGH40010F, the R opt is determined as 35 for standard class-B operation. Therefore, the fundamental and harmonic frequencies impedances can be calculated using (12)- (13) . Based on the design methodology described in the previous section, the free parameters electrical length θ 1 , θ 3 and θ 7 are set to 20 • , 17 • and 52 • , respectively. Then θ 2 , θ 4 and θ 8 can be derived as 10 • according to (18) , (20) , and (22) , shown at the bottom of the previous page. Then, the (19) , (20) and (22) can be further simplified.
For the fundamental matching network design, the frequency band is divided into three sub-bands descripted last section including 0.5-1.0 GHz, 1.0-2.0 GHz and 2.0-4.0 GHz. Therefore, (24)-(29) should be applied for different frequency f 1 , f 2 and f 3 . In additional, the simplified (19) , (20) and (22) are substituted to (24)-(29). Then, the values of the characteristic impedance Z 1 , Z 2 , Z 3 , Z 4, Z 5 , Z 6 , Z 7 , Z 8 and Table 1 .
After obtaining the values in Table 1 , in order to further improve the accuracy of the circuit design, the harmonic tuning and fundamental matching network of the designed PA are further optimized in the ADS software. In this proposed PA configuration, stepped impedance matching method is used to design broadband input matching networks. And the input network is also optimized in the ADS software. And the completed output and input circuit structure and parameters are shown in Fig. 6 .
The simulated voltage and current waveforms for different frequencies are plotted in Fig.7 . It can be seen that these voltage and current waveforms are basically in accordance with the proposed theoretical waveforms compared with Fig.1 . Some of the differences may be due to the fact that all theoretical waveforms are not fully listed, but the actual operating state of the power amplifier is various possibilities.
In addition, the fundamental and harmonic impedances are simulated for current plane and package plane as shown in Fig.8 (a) and (b), respectively. It can be found that impedances are close to the theoretical value of the proposed PA mode compared with the Fig.3 .
VI. EXPERIMENT AND RESULTS ANALYSIS
In order to demonstrate the actual performance of the designed PA circuit, a multi-octave power amplifier is fabricated based on the circuit schematic designed in the previous section. Fig. 9 is a photograph of the fabricated PA.
The small signal characteristics S-parameter are firstly tested. Its simulated and measured S-parameters results are plotted in Fig.10 . The S11 is larger than -10 dB due to keeping the stability of power amplifier over the whole interesting frequency band. 
A. CONTINUOUS WAVE TESTING
The performance of the designed PA is tested using continuous wave signals. Results are plotted and shown in Fig. 11 . It can be seen that the saturated output power is 40-42.8 dBm and the gain is 10.1-12.8 dB in 0.5-4.0 GHz. And from 60.4% to 71.5% drain efficiency can be obtained in the same frequency band. In additional, the agreement between measured and simulated gain and output power is remarkably good, because we not only performed the simulation of the circuit schematic but also performed the EM simulation of the layout in the ADS. The effects of chip capacitance, microstrip, and parasitic parameters on circuit performance are considered as much as possible. The model of this transistor is provided by its manufacturer and is already very mature and precise. Fig.12 shows the dynamic characteristics of the designed PA.
In order to compare with previous reports on ultrabroadband PAs, Table 2 lists the performance of relevant literatures and PA designed in this paper.
Compared with [27] , although the relative bandwidth is smaller than its, the output power of this paper is larger, and the gain fluctuation is smaller. Considering the flatness of the gain over the entire frequency band, the lower frequency band is discarded, so the relative bandwidth in this paper is not as large as the relative bandwidth of [27] . The relative bandwidth of 156% with up to 4 GHz operation is obtained in this work. It can be clearly observed that the proposed PA takes into account various aspects of the indicators such as bandwidth, power and efficiency so that better practical applications can be achieved.
B. 20 MHz 7.5dB LTE TESTING
An LTE signal with a bandwidth of 20 MHz and peak-to average ratio of 7.5dB is used for PA testing. And the measured ACLR for different frequencies are plotted in Fig.13 .
It can be observed that the ACLR is better than −33dBc over the whole frequency band when the average output power is about 35.5 dBm.
VII. CONCLUSION
This paper presents a multi-octave PA based on the mixed continuous modes. A phase shift parameter is introduced to the resistive-reactive series of continuous modes for further expanding the bandwidth. In addition, compact circuit structure and design methods are proposed to design the output circuit structure of the PA that satisfies the impedances requirement of the mode. A 0.5-4.0 GHz PA is fabricated, which can deliver over 40dBm output power with 60-71% drain efficiency in the whole frequency band. 
